Introduction
The protein and lipopolysaccharide (LPS) molecules of the outer membranes of gram-negative bacteria present a complex mosaic of antigens on the bacterial cell surface. The structure, function, and immunological properties of the polysaccharide "0" antigen, the rough core region, and the lipid A region of LPS have been the subject of extensive investigations. In contrast, studies on outer membrane proteins have not progressed at the same rate.
The outer membrane of Pseudomonas aeruginosa contains up to nine different polypeptides expressed in very high copy numbers and hence called major outer membrane proteins (Hancock and Carey 1979) . One of these proteins, protein F, forms water-filled channels through the hydrophobic core of the outer membrane , and thus belongs to the class of proteins termed porins (Nakae 1976 ). Protein F is tightly but noncovalently associated with the peptidoglycan and is surface exposed as demonstrated by indirect immunofluorescence studies using specific mono-; 'Author to whom all correspondence should be addressed.
clonal antibodies to protein F . Using both polyclonal and monoclonal antibodies we have previously shown, by ELISA and Western immunoblotting, the antigenic conservation of protein F Hancock et al. 1983 ) amongst the different serotypes and a variety of clinical isolates of P. aeruginosa.
The present investigation looks at the application of protein F specific monoclonal antibodies to the rapid screening of bacterial colonies for cell-surface antigenic sites (epitopes) recognized by these antibodies. Surface-localized epitopes were studied in a wide range of gram-negative bacteria and the taxonomic importance of the results is discussed. We have also reported studies on the characterization, using these monoclonal antibodies, of the antigenic domains of the porin protein F.
Materials and methods

Bacterial strains
The 17 P. aeruginosa strains representing the serotypes of the International Antigen Typing Scheme were described by Mutharia et al. (1982) . The P. aeruginosa clinical isolates from cystic fibrosis patients were described by Hancock et al. (1983) . Other P . aeruusing a histochemical substrate for peroxidase (5 mg of 4-chloroginosa strains were as previously described  1-naphthol dissolved in 1.67 mL of ice-cold absolute methanol and Mutharia et al. Mutharia and Hancock 1983) . All other strains mixed at 23OC with 10 mL of TBS containing 5 pL of 30% (v/v) were described by Nakajima et al. (1982) . H202).
Antigen preparation
Outer membranes from all strains were isolated by the one-step sucrose gradient method of Hancock and Carey (1979) . Proteins F and H2 were purified from P. aeruginosa strain H103 by L. Chan (Microbiology, University of British Columbia), using the method of Hancock et al. (1979) . Sodium dodecyl sulphate (SDS) -polyacrylamide gel electrophoresis was as described by Hancock and Carey (1979) . All outer membrane samples were solubilized at 88OC for 10 min before electrophoresis. Whole-cell proteins were solubilized by heating in 2% SDS, 20 mM Tris-HC1 (pH 7.4) buffer at 88OC for 10 min, and then prepared for electrophoresis as described previously (Hancock and Carey 1979) .
Chemical cleavage of protein F
Chemical cleavage of protein F by cyanogen bromide followed the method of Garten and Henning (1974) . Briefly, 60 pg of lyophilized purified protein F were dissolved in 0.8 mL of 98% (v/v) formic acid containing 1 M cyanogen bromide and 0.6 N HCI. The volume was made up to 1 mL. The sample was incubated at 37OC in a foil-covered tightly capped vial for 18 h, and then diluted and lyophilized. The residue (containing cyanogen bromide peptides) was redissolved in deionized water and relyophilized. The lyophilized peptides were then redissolved in the original volume of 10% SDS, 10 mM Tris-HC1 (pH 7.4) buffer. In some cases, protein F was denatured in 80% acetic acid for 1 h prior to cyanogen bromide treatment.
Western electrophoretic blot transfer
Enzymatic digestion of protein F
Transfer of proteins from SDS -polyacrylamide gel electroFifty microlitres of purified protein F (at 1 mg/mL) or of protein F phoretograms and subsequent irnrnunostaining followed the method in outer membranes and whole cells (at 1 mg total in protein) was described by Mutharia and Hancock (1983) .
enzymatically digested with the following enzymes. for protein F; monoclonal antibody MAl-8, specific for P. aeruginosa serotype 5 LPS '0' antigen; and MA1-6, specific for lipoprotein H2.
Colony blot screening 1 Monoclonal antibodies MA4-4, MA2-10, MA4-10, and MA5-8 were interacted by the colony blotting procedure with the type strains from all 17 serotypes (International Antigen Typing Scheme) of P . aeruginosa, a variety of laboratory strains as well as mucoid P . aeruginosa isolates, obtained from atients with cystic fibrosis, and their spontaneous nonmucoid vertants (Table 1) . Although we observed differences in the tensity of the blue colour developed with positive (antibodynding) colonies, all P . aeruginosa strains tested interacted with the monoclonal antibodies ( Fig. 1) . In contrast, a P .
25
aeruginosa strain H283 that lacks protein F (Nicas and Hancock 1983 ) and CF283, a non-P. aeruginosa gramnegative isolate from a cystic fibrosis patient, did not bind any
.
of the protein F specific~monoclonal antibodies.
. . 1982 ) with outer membranes from both the smooth and the rough strains. In addition the antibody also interacted with the smooth strains when MgC12 was omitted and 0.1% (w/v) SDS and 0.1 M NaCl were added to the buffers used for the colony blotting. This confirmed our previous data from indirect immunofluorescence studies which suggested that protein H2 is not expressed on the surface of wild-type (smooth) P . aeruginosa strains . Furthermore, it indicated that the colony ;blotting procedure was specific for surface-localized epitopei :(unless the colonies were subjected to the above procedures). with other Pseudomonas strains and various gram-negative bacteria was studied by both the colony blot procedure described above (Table 1) and by Western immunoblotting using, as antigens, either cell envelopes or whole-cell lysates transferred to nitrocellulose. Monoclonal antibody MA5-8 was highly specific for P . aeruginosa strains, while MA4-4, MA2-10, and MA4-10 interacted with both strains of P . putida and the single P . syringae strain tested (Table 1) . None of these monoclonal antibodies interacted with whole cells or cell envelopes of P . jluorescens, P . anguilliseptica, P . chlororaphis, P . aureofaciens, P . stutzeri, or Azotobacter vinelandii, all of which have been previously demonstrated to be related to P . aeruginosa in rRNA homology experiments (DeVos and DeLey 1983). There was no interaction with any of the strains from the Enterobacteriaceae, Vibrionaceae, or other Pseudomonads, e.g., P . cepacia.
Antigenic domains of protein F
The high specificity of monoclonal antibodies has been used to study the structure and antigenic domains of proteins (Kenimer et al. 1983; Virji et al. 1983 ). We used the protein F specific monoclonal antibodies MA5-8, MA4-4, MA2-10, and MA4-10 in an attempt to define some of the antigenic domains (epitopes) of this protein.
The apparent molecular weight or migration of protein F of P . aeruginosa on SDS -polyacrylamide gels is markedly influenced by the solubilization conditions (Hancock and Carey RG. 2. Western immunoblot of purified protein F. Effect of 2-mercaptoethanol. Purified protein F was separated on SDS -polyacrylamide gel electrophoretograms after solubilization (lanes A and D) with or (lanes B, C, and E) without 2-mercaptoethanol. After electrophoretic transfer to nitrocellulose, the blots were interacted with MA4-4 (lanes A and B) or MA5-8 (lanes C, D, and E) and then the position of the bound monoclonal antibodies revealed as described previously . Lane E received five times more protein F (5 pg) than lanes A-D, to demonstrate the putative oligomer bands not visible in lanes A-D. The banding positions are marked F (for the 2-mercaptoethanol untreated protein F), F* (for the 2-mercaptoethanol reduced protein F), and F, (for the putative protein F oligomers).
1979). When solubilized in the presence of 2-mercaptoethanol, protein F migrates as a 41 000 dalton protein on a 14% polyacrylamide gel. The nonreduced protein has an apparent molecular weight of 37 000 (Hancock and Carey 1979) . The reason for this is almost certainly the presence of one or two intrachain disulphide bonds. Thus, when these disulphide bonds are not reduced, the protein runs in a more compact configuration with a higher relative mobility. Monoclonal antibodies MA4-4, MA2-10, and MA4-10 interacted only with the nonreduced form of protein F, while MA5-8 interacted with both the 2-mercaptoethanol reduced and nonreduced forms (Fig. 2) .
Monoclonal antibody MA5-8 was also unique in that it interacted with higher molecular weight (putative oligomeric) forms of protein F (Fig. 2) . These forms of protein F were not observed when outer membranes of the protein F deficient mutant H283 were used in Western immunoblot studies, suggesting that they did not represent artefacts owing to cross-reaction of monoclonal antibody MA5-8 with other proteins. These apparent oligomeric associations of protein F were present in very low concentrations in outer membranes but were enriched during purification of protein F. This data provided the first evidence for the possible existence of SDS-stable oligomeric forms of protein F.
Interaction of monoclonal antibodies with cyanogen bromide
and proteolytic peptide fragments of protein F Peptide fragments of protein F were derived by both chemical cleavage with cyanogen bromide and by enzymatic digestion with trypsin, papain, or V8 protease. Cyanogen bro-RG. 3. SDS -polyacrylamide gel electrophoretogram and Western immunoblot of purified protein F before and after degradation with cyanogen bromide. Lanes A and C, cyanogen bromide peptides of protein F; lanes B and D, purified protein F. Protein F and its peptides were transferred from an SDS -polyacrylamide gel (lanes A and B) to nitrocellulose (lanes C and D) and interacted with monoclonal antibody MA5-8 on the nitrocellulose. The two cyanogen bromide peptides of protein F which interact with antibody MA5-8 had molecular weights of 28 000 and 23 000. In the cyanogen bromide cleavage pattern in lane C, the native protein F formed a doublet owing to partial heat modification of the undegraded protein F (Hancock and Carey 1979) . This small residue of undegraded protein F preferentially bound the monoclonal antibody, since it was not visible in the gel pattern in lane A. The molecular weight of the native protein F band (unreduced by 2-mercaptoethanol) in lane B was 36000. The molecular weights of the bands visible in lane A (as determined by reference to molecular weight standards) were 28 000, 25 500 (minor band), 23000, 21 500 (minor band), 20000, and 17000, respectively, in descending order. mide treatment of native or denatured protein F yielded six fragments, two of which had altered mobility in the presence of 2-mercaptoethanol suggesting internal disulphide bonds (Fig. 3) . The total molecular weights of these peptides, however, was approximately three times that of monomeric protein F. The discrepancy in molecular weight is probably due to incomplete cleavage. This has been shown to occur, e.g., owing to incomplete cleavage of Met-Ser or Met-Thr sequences which can form homoserine and are therefore not cleaved, leading to the production of overlapping cyanogen bromide fragments of total molecular weights greater than the native protein (Garten and Henning 1974) . This incomplete cleavage was also observed with denatured protein, and under more rigorous digestion conditions. Only monoclonal antibody MA5-8 interacted with any of the fragments. Specifically, it interacted with the two 2-mercaptoethanol modifiable fragments of protein F in both the reduced and nonreduced forms (Fig. 3) . The inability to generate smaller antibody reactive peptides under harsher conditions (pretreatment with 85% glacial acetic acid) probably reflects the requirement for stabilization of the antigenic epitope by maintenance of the SDS-resistant, P-sheet conformation of protein F (Mizuno and Kageyama 1979) , thus limiting the identification of the antigenic domains. Enzymatic digestion of protein F with S. aureus V8 protease for very short times (<1 min) yielded a series of peptides of molecular weights below 12 000, none of which interacted with any of the antibodies. When purified protein F was treated with papain, it rapidly broke down to two peptide fragments with molecular weights of 29 000 and 31 500. Both of these peptides were 2-mercaptoethanol modifiable and reacted with monoclonal antibodies MA2-10, MA4-4, and MA4-10 (in the unreduced form only) but not with MA5-8 (Fig. 4) . These two fragments were remarkably resistant to further hydrolysis. Protein F in outer membranes (Fig. 4) and intact cells was also susceptible to papain, although fivefold higher amounts of enzyme were required and digestion did not proceed to completion as readily (especially with whole cells). This may be due to partial masking of the papain-susceptible sites of protein F by LPS. In both outer membranes and intact cells, peptide bands of intermediate molecular weight between the undegraded protein F (37000) and the above two peptide fragments (29000 and 31 500) were observed, including bands of 36 000, 35 000, 34000, 33 000, and 32 500. However, owing to the tendency of protein F to run in a variety of positions on SDS polyacrylamide gels (Hancock and Carey 1979) , we are unable to say with certainty that these bands represent intermediates.
Digestion of protein F with trypsin gave similar results. When purified protein F was used, a single 2-mercaptoethanol modifiable peptide fragment of 31 000 formed. This fragment interacted with monoclonal antibodies MA2-10, MA4-4, and MA4-10 (in the unreduced form) but not with MA5-8 (Fig. 4) .
Again, protein F in outer membranes and whole cells was more resistant to trypsin, requiring 10 times as much enzyme, and resulting in the appearance of intermediate molecular weight forms of 34 500, 33 500, and 32 500, all of which interacted with MA2-10, MA4-4, and MA4-10. The 31 000 fragment which appeared in purified protein F, outer membrane and intact cell preparations after treatment with trypsin was resistant to further proteolysis. Preliminary results with the protein F equivalent in P. putida outer membrane demonstrated that this 39000 protein broke down to a 31 000, 2-mercaptoethanol modifiable fragment which interacted with monoclonal antibody MA4-10 (data not shown).
Discussion
The colony imrnunoblot procedure provided a good rapid screening assay for surface-localized epitopes on cells in bacterial colonies. Protein F was demonstrated to be surface accessible in colonies of both mucoid and nonmucoid P . aeruginosa isolates. These results confirmed and extended our observations regarding protein F surface accessibility as assessed by indirect immunofluorescence using monoclonal antibodies . The results from the colony blot procedure described here demonstrate that protein F has at least two separate cell-surface antigenic epitopes (recognized by MA5-8 and MA4-4, respectively) that are conserved amongst all P . aeruginosa strains.
The epitope recognized by antibodies MA4-4, MA4-10, and MA2-10 is also expressed in P . putida and P. syringae strains. Pseudomonas putida and P. syringae together with P. aeruginosa have been placed by rRNA homology (DeVos and DeLey 1982) in a closely related cluster as group 1 Pseudomonadaceae. Presumably, the lack of interaction of the monoclonal antibodies with other members of that homology group demonstrated that some antigenic drift has occurred with porin protein F. Nevertheless, protein F is far better conserved than the porin proteins of Neisseria gonorrhoeae and Haemophilus influenzae (Barenkamp et al. 1981) which show antigenic variation within a single species.
The protein F specific monoclonal antibodies fall into two classes on the basis of antigenic cross-reactions. One containing a single monoclonal antibody, MA5-8, which interacts only with P. aeruginosa porins, and one containing three monoclonal antibodies. MA4-4. MA2-10. and MA4-10. which cross-react with a protein from P. putida and P . syringae of similar molecular weight to P. aeruginosa protein F . The differences in the antigenic domains recognized by these two classes of antibodies is further demonstrated by the binding of these antibodies to peptide fragments of protein F and to the native protein under different conditions.
Monoclonal antibody, MA5-8, unlike the other antibodies interacted with oligomeric forms of protein F, as well as the 2-mercaptoethanol reduced and nonreduced protein. This antibody also interacted with two partial cyanogen bromide fragments of the protein, although the antigenic site recognized by the antibody was destroyed by either trypsin or papain. In contrast, monoclonal antibodies MA2-10, MA4-4, and MA4-10 interacted with the nonreduced porin, and with the trypsin-and papain-derived fragments of protein F in the nonreduced form. The epitope or epitopes recognized were destroyed by 2-mercaptoethanol as well as by cleavage of the protein with cyanogen bromide.
This data suggests that protein F has at least two surfacelocated antigenic epitopes (domains) recognized by different antibodies. Both of these domains probably are conformational in that they require some tertiary structure which is maintained in SDS (Mizuno and Kageyama 1979) but destroyed upon rigorous proteolytic or cyanogen bromide degradation. The complex p-structure of porin proteins will require extensive studies with a larger library of monoclonal antibodies before reasonable speculations on the structure of protein F can be made.
